Aim. The estimation of potential role of plant β-tubulin Ser172 phosphorylation for correct function of microtubules and cell division due to selection of protein kinases, most probable associated with phosphorylation of Ser172 in Arabidopsis thaliana (L.) Heynh. Methods. Literature and database search. Comparison of protein sequences and structures: multiple sequence alignment, phylogenetic profiling, protein structure modeling, etc. Results. Comparison of Ser172 site region from all known β-tubulins from Homo sapiens, Sus scrofa, Saccharomyces cerevisiae, Drosophila melanogaster and A. thaliana confirms its significant similarity. Joint clusterization of all Ser172 site regions (in S 10 a.a. format) reveals that plant site is most similar to Ser172 10 fragment of β-tubulin from S. cerevisiae. At the same time, sequences and catalytic domain structures of cyclin-dependent kinases 1 and YAK1related kinases (MNB/DYRK1a/YAK1) associated with Ser172 phosphorylation, found maximal similarity in A. thaliana and S. cerevisiae. Сonclusions. The results confirm similarity of amino acid environment of Ser172 in β-tubulin isotypes in human, pig, fruit fly, yeast and arabidopsis. This suggests similar effect of β-tubulin phosphorylation at Ser172 for inhibition of microtubule assembly onto their protofilaments and its association with CDK1 and YAK1-related protein kinases. Similarity of Ser172 sites and associated protein kinases, allows us to expect similar effect of this modification on structure of microtubules in A. thaliana and S. cerevisiae.
Tubulin phosphorylation was reported in the early 1970s by multiple research groups, and in 1972 phosphorylation of mammalian β-tubulin was documented for the first time [1] [2] [3] . One of the important β-tubulin residues is Ser172, and its phosphorylation is necessary for correct function of both cytoplasmic and spindle microtubules (MTs) and cell division [4] . Ser172 of β-tubulin is located within the S5-H5 loop, called also T5 loop [5, 6] . This site is absent in α-tubulin, occurs within the GTP-binding domain at the interface of a β-subunit and the α-subunit of a next heterodimer [7] . Its phosphorylation inhibits MT polymerization, likely a consequence of decreased GTP binding due to the proximity to exchangeable nucleotide-binding (GTP/GDP) site on β-tubulin [8] . Consequently, this site not only regulates GTP/GDP binding by βtubulin, but mediates assembly of α/β-heterodimers into a protofilaments as a part of the plus end MT interface [9, 10] . Caudron et al. (2010) reported mutations of Ser172 associated with human brain disease and its phosphorylation by the cyclin-dependent kinase Cdk1 [4] . In vitro mammalian β-tubulin can also be modified by phosphorylation at Ser172 residue by the Cdk1/cyclin B complex when heterodimer tubulin is formed. At the same time any Cdk1dependent phosphorylation of β-tubulin does not exist [6] . Phosphorylated β-tubulin or β-tubulin with a mutation mimicking permanent phosphorylation at Ser172 is either poorly, or not incorporated into MTs in vitro and in vivo. Thus, Ser172 phosphorylation may affect both GTP/GDP binding and/or turnover, and the interactions between tubulin heterodimers [6] . Also, mutations (S172A and S172) of Ser172 in yeast (Saccharomyces cerevisiae) β-tubulin (Tub2p) induce similar defects in MT dynamics and cell division [4] . Both mutants (S172A and S172 ) showed impaired cell growth on benomyl-containing mediums and at cold tem-peratures, altering in MT dynamics, nucleus posi-tioning and segregation. These findings show the importance of Ser172 for the correct function of both cytoplasmic and spindle MTs and for cell divi-sion in yeast cells [4] .
Recently, it was demonstrated that minibrain (MNB)/DYRK1a kinase phosphorylates Ser172 and inhibits tubulin polymerization in neurons of Drosophila melanogaster [11] . Also, using TIRF microscopy, they imaged purified GFP-DYRKla and fluorescently labeled taxol-stabilized MTs and found that GFP-DYRKla bound along MT lattice, similar to Drosophila GFP-MNB. Using kinase assay they found that GFP-DYRK1A directly phosphorylates purified porcine β-tubulin at Ser172. Finally, turbidity assays revealed that the addition of GFP-DYRKlA dramatically inhibited tubulin polymerization in an ATP-dependent manner. Together, these results indicate that the mechanisms of MT binding and tubulin phosphorylation of Ser172 are conserved between Drosophila MNB and mammalian DYRKla [11] .
The purpose of this study was to compare Ser172 sites of β-tubulin isotypes in human, fruit fly, yeast and mouse-ear cress and based on these data confirm or refute conservatism of this mechanism among members of different kingdoms. Then we would like make a conclusion on the functional role of this site in higher plants and to determine plant protein kinases most likely involved in phosphorylation of Ser172 in A. thaliana.
Materials and methods
Complete amino acid sequences of the βtubulin and protein kinases were obtained from the UniProtKB database (Protein KnowledgeBase, www.uniport.org) [12] . The search of homologous sequences was performed with the SIB BLAST Network Service and the BLASTp algorithm (BLASTP ver. 2.2.31+) [13] . Multiple alignments of the amino acid sequences were performed with the ClustalX (V.2.0.10) (www.clustal.org) software using BLOSSUM weight matrices [14] . In the case of the comparison of small polypeptide fragments of the phosphorylation sites, we applied direct comparison of the sequences in ClustalX with restriction of gaps [14] . The "Logs" of aligned sequences were created with the WebLogo3 web service [15] . Cladistic analysis of the binding sites and phylogenetic identification of the closest homologs were based on the clustering of amino acid sequences by the neighbor-joining method [16] . Visualization and analysis of dendrograms were performed with the MEGA7 software package (www.megasoftware.net) [17] .
The 3D-models of protein kinases were constructed with the Swiss-Model web-service [18] . The structural model of plant cyclin-dependent kinase 1 (CDKA1_ARATH, UniProtKB: P24100) was constructed using RCSB ProteinDataBank tamplate structure 6gu7 (X-Ray diffraction, 2.75 Е) of human cyclin-dependent kinase 1 [19] . The structural model of plant Cdk 1 from S. cerevisiae (CDK1_YEAST, UniProtKB: P00546) was also constructed using structure 6gu7 [19] . The structural model of YAK1-related kinase (UniProtKB: Q8RWH3) from A. thaliana was taken from our previous research [20] . YAK1-related kinase from S. cerevisiae (YAK1_YEAST, UniProtKB: P14680) was constructed using RCSB ProteinDa-taBank tamplate structure 5y86 (X-Ray diffraction, 1.9 Е) of human dual-specificity tyrosine-regulated kinase (DYRK) 3 [21] . Structural optimization of built models was performed in water using AMB-ER94 force field. Visualization and structural alignment of reconstructed models were performed with PyMOL v.1.5.0.5 (www.schrodinger.com/pymol).
Results and discussions
As it is known, Ser172 is positioned within the T5 loop, a region of β-tubulin that is in close proximity to the GTP/GDP binding site, and is part of the plus end surface that mediates the assembly of the heterodimers into a protofilament [9, 10] . Based on this information and sequence similarity, we extracted fragments (S172 10) of all known βtubulin isotypes from H. sapiens, S. scrofa, S. cerevisiae, D. melanogaster and A. thaliana. Despite strict conservatism of Ser172 and significant sequence similarity, some intra-and interspecies differences in the amino acid environment of this site are evident (Fig. 1 ). Since the main purpose of our research was to evaluate the potential functional role of Ser172 phosphorylation in plants, on next step we determined the sites that are most similar to the last one in A. thaliana among homologous (control) sequences from H. sapiens, S. scrofa, S. cerevisiae and D. melanogaster. For this purpose joint clustering of above-mentioned sequences from βtubulin isotypes of A. thaliana and appropriate control group from human, pig, fruit fly and yeast was performed. As it is represented on the Fig. 2 , fragments from A. thaliana form a separate and compact group. This confirms similarity of Ser172 site in all β-tubulins of A. thaliana. At the same time, the group of these sequences demonstrates higher similarity to β-tubulin fragment from S. cerevisiae, than to the sequences from H. sapiens, S. scrofa, and D. melanogaster.
To date, CDK1 and DYRK1A have been shown to phosphorylate Ser172 to regulate MT growth during the cell cycle and neuronal morphogenesis, respectively [6, 11, 22] . Based on literature, information from UniProtKB and sequence homology, we identified appropriate cyclin-dependent kinases 1 (CDK1) and Dual specificity YAK1-related kinases (Dyrk1/Dyrk1A/MNB/ Yak1) from H. sapiens, S. cerevisiae, D. melanogaster and A. thaliana (Table) . Usually clusterization of protein kinases is based on sequence similarity in their kinase domains [23] . The clustering of the catalytic domains of selected cyclindependent kinases 1 (Fig. 3a) and dual specificity YAK1-related kinases (Fig. 3b ) reveal maximum similarity in the case of protein kinases from A. thaliana and S. cerevisiae (Fig. 3) .
Subsequent 3D-modeling of catalytic domains, and their structural alignment (after structure optimization with AMBER94 force field), reveal significant similarity of appropriate 3D-structures of cyclin-dependent and YAK1-related kinases from A. thaliana and S. cerevisiae (Fig. 4a, b ). In the case of cyclin-dependent kinases 1 (Fig. 4a) , the index of RMS was 0.763, and in the case of dual specificity of YAK1-related kinases, the index of RMS was 0.585 (Fig. 4b) , this is significantly less than the threshold value (RMS=1) and fully corresponds to the results of our visual assessment. Thus, we can assert a high similarity of compared spatial structures. 
Conclusions
This study confirms conservatism and similar function of β-tubulin phosphorylation on Ser172 in mammals, insects, fungi, and higher plants. We suppose that in all studied species, phosphorylation of β-tubulin at Ser172 inhibits α/β-tubulin heterodimer assembling into MT protofilaments. In addition, similarity in phosphorylation site (Ser172) and in associated with it cyclin-dependent kinases 1 and YAK1-related kinases suggests maximum similarity of such regulation in A. thaliana and S. cerevisiae. This allows us to consider S. cerevisiae as the most suitable system for further genetic transformation and platform for confirmation of the role of plant CDK1 and YAK1 in MT assembling. Note: On the right, the names of protein kinases, which phosphorylate compared site in accordance with experimental data [6, 11] or bioinformatic evidences are marked. 
